Casey DP, Ranadive SM, Joyner MJ. Aging is associated with altered vasodilator kinetics in dynamically contracting muscle: role of nitric oxide. J Appl Physiol 119: 232-241, 2015. First published May 28, 2015 doi:10.1152/japplphysiol.00787.2014.-We tested the hypothesis that aging would be associated with slowed vasodilator kinetics in contracting muscle in part due to a reduced nitric oxide (NO) bioavailability. Young (n ϭ 10; 24 Ϯ 2 yr) and older (n ϭ 10; 67 Ϯ 2 yr) adults performed rhythmic forearm exercise (4 min each) at 10, 20, and 30% of max during saline infusion (control) and NO synthase (NOS) inhibition. Brachial artery diameter and velocities were measured using Doppler ultrasound. Forearm vascular conductance (FVC) was calculated for each duty cycle (1 s contraction/2 s relaxation) from forearm blood flow (FBF; ml/min) and blood pressure (mmHg) and fit with a monoexponential model. The main parameters derived from the model were the amplitude of the FBF and FVC response and the number of duty cycles for FBF and FVC to change 63% of the steady-state amplitude (FBF and FVC). Under control conditions 1) the amplitude of the FVC response at 30% maximal voluntary contraction (MVC) was lower in older compared with young adults (319 Ϯ 33 vs. 462 Ϯ 52 ml·min Ϫ1 ·100 mmHg Ϫ1 ; P Ͻ 0.05) and 2) FVC was slower in older (10 Ϯ 1, 13 Ϯ 1, and 15 Ϯ 1 duty cycles) compared with young (6 Ϯ 1, 9 Ϯ 1, and 11 Ϯ 1 duty cycles) adults at all intensities (P Ͻ 0.05). In young adults, NOS inhibition blunted the amplitude of the FVC response at 30% MVC and prolonged the FVC at all intensities (10 Ϯ 2, 12 Ϯ 1, and 16 Ϯ 2 duty cycles; P Ͻ 0.05), whereas it did not change in older adults. Our data indicate that the blood flow and vasodilator kinetics in exercising muscle are altered with aging possibly due to blunted NO signaling.
SKELETAL MUSCLE BLOOD FLOW increases rapidly at the onset of exercise in an effort to meet the muscle's increased metabolic needs. The mechanisms responsible for increasing blood flow at the onset of exercise as well as maintaining it over time involves a complex interaction between mechanical factors, the sympathetic nervous system, and local metabolic and endothelium-derived substances that influence vascular tone (40) . To date, the majority of studies that have addressed the mechanisms involved in hyperemic and vasodilator responses during muscle contractions have focused primarily on limb (arm or leg) hemodynamics once steady-state exercise has been achieved. Under steady-state conditions endothelium-derived nitric oxide (NO) has been shown to make a modest contribution to the exercise hyperemic response during mild-to moderate-intensity exercise in humans (19, 22, 42) , although others have found that inhibition of NO synthase (NOS) has no effect on skeletal muscle blood flow and vasodilation during dynamic exercise (21, 24, 31, 37) .
It is important to note that the mechanisms influencing vascular tone at the onset of exercise may be different from those involved in the control during steady-state exercise (10) . Along these lines we recently demonstrated that NOS inhibition substantially reduces (ϳ30-50%) the rapid hyperemic and vasodilator response to a single muscle contraction over a range of intensities (6) . Despite these findings and others related to the mechanisms involved in the rapid vasodilator response following a single muscle contraction (3, 4, 6, 11, 28) , there have only been a few studies related to the time course (kinetics) and mechanisms of hyperemia and vasodilation between the onset of exercise (initial contraction) and steadystate conditions in humans. Shoemaker and colleagues (43) found that neither acetylcholine nor NO is essential to observe the normal time course of the blood flow response during light-intensity forearm contractions. Conversely, we demonstrated that NOS inhibition attenuates the onset of vasodilation (expressed as the slope of the exercise response between rest and steady-state exercise during dynamic forearm exercise) and prolongs the time to reach steady-state values in young men (5) . Similarly, combined inhibition of NO and prostanoids (via cyclooxygenase inhibition) substantially attenuates blood flow and vasodilation throughout the time course (10 -240 s) of intense one-legged knee-extensor exercise (9) .
Aging is associated with a variety of changes within the cardiovascular system that can compromise muscle blood flow or alter its regulation during dynamic exercise. Despite convincing evidence that there is a deficit in steady-state blood flow during submaximal exercise with aging (26, 28, 29, (33) (34) (35) (36) , little is known regarding the time course (i.e., kinetics) of exercise hyperemia and vasodilation in older adults. In resistance vessels of aged rats there is an altered ability to match oxygen delivery to consumption during the rest-tocontractions transition (2) . This temporal mismatching is thought to be due to an impaired vasodilation. Along these lines, recent data suggest that the time course of endotheliumdependent vasodilation in isolated arterioles is significantly slower in skeletal muscle of old rats (1) . Moreover, human aging is also associated with a reduction in NO bioavailability and decreased endothelium-dependent (NO-mediated) vasodilation (7, 14, 44, 45) . Whether the time course of hyperemia and vasodilation in response to rhythmic muscle contractions is altered with aging and whether reductions in NO signaling contribute to the potential age-related differences remains unclear. Therefore we aimed to quantify and characterize the hyperemic and vasodilator kinetics during exercise in young and older humans. We hypothesized that compared with young adults, the speed of skeletal muscle vasodilation at the onset of rhythmic contractions will be slower in otherwise healthy aging humans. Additionally, we sought to test the hypothesis that a slower hyperemic and vasodilator kinetic profile in older adults is attributed in part to a reduced NO bioavailability.
METHODS

Subjects
A total of 10 young and 10 older healthy subjects volunteered to participate in protocol 1 of the study, which was part of a larger protocol with some of the data previously published (6) . An additional seven young healthy subjects participated in protocol 2. Subjects completed written informed consent and underwent a standard screening and were healthy, nonobese [body mass index (BMI) Յ 30 kg/m 2 ], nonsmokers, not taking any vasoactive medications, and were sedentary to moderately active. Studies were performed after an overnight fast and with subjects refraining from exercise and caffeine for at least 24 h. Young female subjects were studied during the early follicular phase of the menstrual cycle or the placebo phase of oral contraceptives (32) . All older female subjects were postmenopausal and were not taking any form of hormone replacement therapy. All study protocols were approved by the Institutional Review Board and were performed according to the Declaration of Helsinki.
Arterial Catheterization
In protocol 1, a 20-gauge, 5-cm (model RA-04020, Arrow International, Reading, PA) catheter was placed in the brachial artery of the experimental arm under aseptic conditions after local anesthesia (2% lidocaine) for administration of study drugs. The catheter was connected to a three-port connector in series, as previously described in detail (15) . One port was linked to a pressure transducer positioned at heart level (model PX600F, Edwards Lifescience, Irvine, CA) to allow measurement of arterial pressure and was continuously flushed (3 ml/h) with saline with a stop-cock system to enable arterial blood sampling. The remaining two ports allowed arterial drug administration.
Heart Rate and Systemic Blood Pressure
Heart rate (HR) was recorded via continuous 3-lead ECG. In protocol 1, beat-to-beat systemic blood pressure was recorded via a brachial arterial catheter connected to a pressure transducer (Cardiocap/5, Datex-Ohmeda, Louisville, CO). In protocol 2, beat-to-beat systemic blood pressure was assessed with a finger plethysmograph (Nexfin; Edwards Lifesciences) on the nonexercising hand.
Forearm Blood Flow
Brachial artery mean blood velocity and brachial artery diameter were determined with a 12-MHz linear-array Doppler probe (model M12L, Vivid 7, General Electric, Milwaukee, WI). Brachial artery blood velocity was measured throughout each condition with a probe insonation angle previously calibrated to 60°and the lumen of the artery positioned parallel to the angle correction cursor. Brachial artery diameter measurements were obtained at end diastole at rest (immediately prior to the start of contractions), between contractions during steady-state exercise (last 15 s of exercise), and at the end of each recovery period. Forearm blood flow (FBF) was calculated as the product of mean blood velocity (cm/s) and brachial artery crosssectional area (cm 2 ) and expressed as milliliters per minute.
Forearm Exercise
Rhythmic forearm exercise was performed with a handgrip device by the nondominant arm at 10%, 20%, and 30% of each subject's maximal voluntary contraction (MVC). The weight was lifted 4 -5 cm over a pulley at a duty cycle of 1-s contraction and 2-s relaxation (20 contractions/min) using a metronome to ensure correct timing. The average weight used in protocol 1 for the young subjects was 4.1 Ϯ 0.5, 8.2 Ϯ 1.0, and 12.4 Ϯ 1.5 kg for 10, 20, and 30% MVC, respectively. The average weight used for the older subjects was 3.4 Ϯ 0.3, 6.8 Ϯ 0.7, and 10.2 Ϯ 1.1 kg for 10, 20, and 30% MVC, respectively (P ϭ 0.22-0.27 compared with young subjects). The average weight used for forearm exercise in protocol 2 was 5.3 Ϯ 0.5, 10.5 Ϯ 0.9, and 15.6 Ϯ 1.3 kg for 10, 20, and 30% MVC, respectively. Workload intensity was randomized within each drug condition (protocol 1) and within each set of trials (protocol 2).
Pharmacological Infusions N
G -monomethyl-L-arginine (L-NMMA; NOS inhibitor; Bachem, Switzerland) was infused at a loading dose of 5 mg/min for 5 min and then at a maintenance dose of 1 mg/min for the remainder of the study. To test the efficacy of the NO synthase inhibition with L-NMMA, acetylcholine (ACh; a nonspecific muscarinic agonist) was infused intra-arterially at 4.0 g·dl forearm volume Ϫ1 ·min Ϫ1 for 4 min before and after L-NMMA administration. Intra-arterial infusion of sodium nitroprusside (NTP) was used to determine whether L-NMMA administration has any nonspecific effects on forearm vasodilation. NTP was infused at 1.0 g·dl forearm volume Ϫ1 ·min Ϫ1 for 4 min before and after L-NMMA administration.
Experimental Protocol
Each subject completed a total of six exercise trials (on a single study day) which consisted of rhythmic forearm contractions during saline (control) and L-NMMA administration. Exercise intensity (10, 20 , and 30% MVC) was randomized within each condition. Each trial consisted of 2 min of rest, followed by 4 min of rhythmic forearm exercise and 3 min of recovery. Brachial artery velocity and hemodynamics were measured throughout the rest, exercise, and recovery periods. Additionally, intra-arterial infusions of ACh and NTP were performed after each set of exercise trials under each condition (saline and L-NMMA). Brachial artery velocity and hemodynamics were measured during the rest (2 min) and infusion (4 min) periods. Due to the long half-life of L-NMMA, NOS inhibition trials were always performed last. A rest period of 15-20 min was allowed between each exercise and infusion trial. As previously mentioned these rhythmic exercise trials were part of a larger protocol with some of the data published (6) . The previously published results consisted of blood flow and vasodilator responses to single muscle contractions. The rhythmic forearm exercise trials in the current study were always performed following the single muscle contraction trials (within each drug condition) and following a 20-min rest period.
Protocol 2 was performed to determine the reproducibility of the hyperemic and vasodilator kinetic response to rhythmic exercise across multiple trials and varying intensities. The exact same design was used in protocol 2, with the exception that study drugs were not administered and only young adults were studied. That is each subject performed two sets of three separate rhythmic forearm exercise trials at 10, 20, and 30% MVC.
Data Analysis and Statistics
Data were collected at 250 Hz, stored on a computer, and analyzed off-line with signal-processing software (WinDaq, DATAQ Instruments, Akron, OH). Mean arterial pressure (MAP) was determined from the brachial artery pressure waveform, and HR was determined from the electrocardiogram. Baseline FBF and MAP represent an average of the last 30 s of the resting time period prior to exercise. Forearm vascular conductance (FVC) was calculated as (FBF/MAP) ϫ 100 and expressed as milliliters per minute per 100 mmHg. During exercise FBF and FVC were calculated and averaged over each duty cycle (1-s contraction and 2-s relaxation). A minimum of 90% of complete duty cycles (all velocity envelopes clearly captured within the duty cycle) were obtained in all subjects for each exercise trial for protocol 1 and in six of the seven subjects in protocol 2. On average 95-99% of the duty cycles across exercise trials were used in the model described below. Additionally, FBF and FVC were averaged every 5 s during the recovery period. The on-transient kinetics for FBF and FVC during each exercise intensity were analyzed with a nonlinear least-squares curve-fitting procedure using the following monoexponential model
with the components of the model defined as follows: Y(t) represents the dependent variable (either FBF or FVC) at any time (t), Y(baseline) is the resting value immediately prior to the onset of exercise, Amp is the amplitude of the response, TD is the time delay, and represents the number of duty cycles required to achieve 63% of the steady-state amplitude. Additionally, the FBF and FVC responses following exercise were analyzed to examine the impact of aging and NOS inhibition during off-transient kinetics. To quantify the magnitude of the recovery response total FBF and FVC were defined as the area under the curve after respective baseline values were subtracted (20) . To further gain insight on the off-kinetics, we also quantified the time it took for end-exercise steady-state FBF and FVC to decay 50%.
All values are expressed as means Ϯ SE. Analysis of variance (ANOVA) was used to analyze baseline differences between age groups. To determine the effect of age (group) and NOS inhibition (condition) on the on-and off-transient hyperemic and vasodilator kinetics, differences in the FBF and FVC amplitude, FBF and FVC, 50% decay rate, and total recovery FBF and FVC within each exercise intensity (10, 20 , and 30% MVC) were determined via two-way repeated-measures ANOVA. Additional two-way repeated-measures ANOVA were performed to examine FBF and FVC responses to ACh and NTP within each condition (saline vs. L-NMMA) and between age groups. When a group ϫ condition interaction was found, Tukey's post hoc analysis determined where statistical differences occurred. Statistical difference was set a priori at P Ͻ 0.05. Reproducibility was assessed via coefficients of variation and repeated-measures ANOVA (protocol 2).
RESULTS
Both young and older subject characteristics from protocol 1 are summarized in Table 1 . Height, weight, BMI, forearm volume, and MVC were similar between age groups (P Ͼ 0.05 for all). Older subjects demonstrated greater cholesterol values (total, high-, and low-density lipoprotein) than their younger counterparts (P Ͻ 0.05 for all). Seven subjects (6M/1F) completed protocol 2. The subjects were 29 Ϯ 2 yr of age and 179 Ϯ 2 cm in height and weighed 82 Ϯ 6 kg (BMI: 25.3 Ϯ 1.3 kg/m 2 ).
Protocol 1
Hemodynamic responses to forearm exercise in young and older adults. Baseline (resting), exercise (steady state), and recovery (last 30 s) hemodynamics at each intensity and under each condition are shown in Table 2 . HR, FBF, and FVC at rest were similar between age groups across all trails. MAP was consistently higher across all conditions in the older adults (P Ͻ 0.05). Despite a significant increase in steady-state FBF and FVC at all intensities in both age groups under control conditions, the steady-state hyperemic and vasodilator responses were attenuated at 30% MVC in older compared with young adults (P Ͻ 0.05). No age-related differences in endrecovery FBF and FVC were observed (P Ͼ 0.05, Table 2 ). Infusion of L-NMMA reduced baseline FBF and FVC and increased MAP in both young and older adults. In young adults NOS inhibition reduced the FVC at steady-state exercise at all intensities (P Ͻ 0.05). Conversely, steady-state exercise FBF and FVC across intensities were unchanged with L-NMMA in the older adults (P ϭ 0.07-0.41). End-recovery FBF and FVC were reduced with L-NMMA at 10%, 20%, and 30% in both young and older adults (P Ͻ 0.05; Table 2 ).
On-kinetics. The mean fit for the on-transient vasodilator kinetics across exercise intensities in young and older adults under control (saline) and NOS inhibition (L-NMMA) conditions are illustrated in Fig. 1 . As expected, there was a significant main effect of exercise intensity on the amplitude of the FBF and FVC responses in young and older adults under control conditions (P Ͻ 0.001). That is, there was a progressive rise in the amplitude of the FBF and FVC responses with increasing exercise intensity (Fig. 2, A and B) in both age groups. However, the amplitude of the FBF and FVC responses at 30% MVC under control conditions was lower in older compared with young subjects (P Ͻ 0.05 for both, Fig. 2, A and  B) . Additionally, there was a main effect of exercise intensity on FBF and FVC in both age groups (P Ͻ 0.001). Within each exercise intensity, older adults demonstrated a prolonged FBF and FVC compared with young adults (P Ͻ 0.05, Fig. 3,  A and B) . There was a significant main effect of NOS inhibition on the amplitude at all three exercise intensities; however, no group ϫ condition interaction was observed except at the 30% MVC exercise level (P Ͻ 0.05; Fig. 2, A and B) . Conversely, NOS inhibition prolonged the FBF and FVC at all exercise intensities in young adults (P Ͻ 0.05) while no change was observed in the older group (Fig. 3, A and B) .
Recovery data. Total postexercise FBF and FVC at each exercise intensity in young and older adults are shown in Fig. 4 . During saline and L-NMMA infusions total postexercise FBF and FVC progressively increased with higher exercise intensities in both age groups (P Ͻ 0.001). There was a main effect of age on total postexercise FBF and FVC at 30% MVC (P Ͻ 0.05, Fig. 4, A and B) . Additionally, there was a main effect of L-NMMA on the total postexercise FBF and FVC at all exercise intensities (P Ͻ 0.01, Fig. 4, A and B) . However, there was no age ϫ condition interaction observed within any of the exercise intensities.
The recovery FBF and FVC response (off-kinetics) was also analyzed by the time it took for end-exercise steady-state FBF and FVC to decay 50%. No significant age effect was found at 10, 20, and 30% MVC. However, a significant main effect of condition was found at all exercise intensities. That is, L-NMMA significantly sped up the FBF and FVC decay rate at 10 -30% MVC in young and older adults (P Ͻ 0.01 for all).
Blood flow and vasodilator responses to exogenous acetylcholine and sodium nitroprusside. The hyperemic and vasodilator responses (change in FBF and FVC from baseline, respectively) to intra-arterial infusion of ACh were substantially lower in older compared with young adults (FBF ϭ 186 Ϯ 41 vs. 327 Ϯ 39 ml/min; FVC ϭ 168 Ϯ 37 vs. 332 Ϯ 41 ml·min Ϫ1 ·100 mmHg Ϫ1 , P Ͻ 0.05 for both). Likewise, the hyperemic and vasodilator responses to intra-arterial infusion of NTP were also lower in the older compared with young adults (FBF ϭ 149 Ϯ 16 vs. 233 Ϯ 23 ml/min; FVC ϭ 146 Ϯ 16 vs. 258 Ϯ 30 ml·min Ϫ1 ·100 mmHg Ϫ1 , P Ͻ 0.01 for both). Compared with control (saline) conditions, infusion of L-NMMA markedly reduced the FBF (209 Ϯ 25 ml/min) and
) responses to ACh in young adults (P Ͻ 0.001 for both), thus confirming effective NOS inhibition. However, L-NMMA did not alter the FBF (175 Ϯ 38 ml/min; P ϭ 0.49) and FVC (151 Ϯ 31 ml·min Ϫ1 · 100 mmHg Ϫ1 ; P ϭ 0.26) responses to ACh in the older adults. Consequently there were no age-related difference in the FBF (P ϭ 0.48) and FVC (P ϭ 0.23) responses to ACh during NOS inhibition. Moreover, NOS inhibition did not change the FBF and FVC responses to NTP in either age group.
Protocol 2
The reproducibility of the on-transient blood flow and vasodilator kinetic parameters during forearm exercise is presented in Table 3 . We were unable to get adequate blood velocity tracings to fit the model in one subject during the 30% MVC exercise trials. Therefore the reproducibility of the kinetic parameters was assessed in 7 subjects at 10 and 20% Young (n ϭ 10)
Control (saline) 
DISCUSSION
We have previously demonstrated that the hyperemic and vasodilator response to a single muscle contraction is attenuated in older adults (4, 6) , which is likely due to a diminished contribution of NO-mediated mechanisms (6) . The present data are the first to demonstrate that the speed (i.e., kinetics) of skeletal muscle blood flow and vasodilation during repeated rhythmic contractions are slower in otherwise healthy aging humans (Fig. 1) . Moreover, our present findings suggest that NO appears to play a role in the onset and kinetics of hyperemia and vasodilation during mild to heavy rhythmic forearm exercise in young adults, but a reduction in NO bioavailability and/or signaling likely contributes to the impaired kinetics in older adults. These conclusions are supported by 1) the slower FBF and FVC across all exercise intensities (Fig. 3, A and B) in older compared with young adults; and 2) NOS inhibition prolonged the FBF and FVC at all exercise intensities in young adults, but failed to alter the hyperemic and vasodilator kinetics in older adults, thus eliminating the age-related differences in the timing of the response observed under control conditions. Additionally, our reproducibility studies in young adults (protocol 2) suggest that the changes in the hyperemic and vasodilator kinetics during the NOS inhibition trials (protocol 1) are not likely explained by a bout order effect.
Age-Related Differences in Exercise Hyperemic and Vasodilator Kinetics
To our knowledge this is the first study to examine the impact of human aging on the hyperemic and vasodilator kinetics during exercise. Numerous other studies have examined the effect of aging on steady-state blood flow during or immediately following submaximal forearm and leg exercise, with several demonstrating an attenuated hyperemia (26, 28, 29, (33) (34) (35) (36) , whereas others reported no age-related differences in FBF between young and older adults (17, 25, 30) . Our current data indicate that the absolute steady-state FBF and FVC responses of older adults are preserved at mild to moderate but reduced at heavier relative intensity forearm exercise ( Table 2 ). Of particular interest to the present study, age- related differences in the modeled on-kinetic parameters were also observed. First, the amplitude of the hyperemic and vasodilator responses (which accounts for baseline FBF and FVC) were blunted at 30% MVC in older compared with young adults. Additionally, older adults also demonstrated prolonged FBF and FVC values, which indicate a longer duration to reach steady-state blood flow and vasodilation. This finding of a prolonged time course for steady-state vasodilation is in agreement with previous reports of impairments in the dynamics of vasodilation in skeletal muscle resistance vessels of older rats exposed to acetylcholine (1) . Taken together, our current findings suggest that in addition to the age-related effects on steady state muscle blood flow and vasodilation, aging also appears to prolong the time needed to reach steadystate conditions during rhythmic exercise. When considered with the previously reported attenuated rapid hyperemic and vasodilator responses to a single muscle contraction in older adults (4, 6, 28) , the age-related impairments in blood flow kinetics likely start within the first couple seconds of exercise. Ultimately the rise in muscle blood flow and oxygen delivery during exercise occurs to match the metabolic activity of the contracting tissue. The slowed blood flow and vasodilator kinetic response in the older adults of the current study could be taken to mean that aging is associated with a mismatch between oxygen consumption and metabolic need over the course of a given bout of exercise. However, previous findings have demonstrated that the lower muscle blood flow during submaximal steady-state exercise observed in older adults is offset by a higher oxygen extraction within the contracting muscle (29, 34) although this finding has not been consistently reported (33, 35) . If older adults do indeed extract oxygen at higher levels for a given workload to help compensate for the reduced muscle blood flow, then it is possible that the need for oxygen within the contracting muscle is being met over the time course of exercise despite the slower blood flow and vasodilator kinetics observed in the current study. In this context, duManoir and colleagues (18) concluded from studies involving near-infrared spectroscopy that microvascular blood flow kinetics are slowed with aging, but older adults rely on a greater oxygen extraction during the transition from rest to exercise.
Role of NO in the Onset of Hyperemia and Vasodilation During Exercise
Previous studies examining the effect of NOS inhibition on skeletal muscle blood flow during steady-state conditions in Values are means Ϯ SE. CV, coefficient of variation (presented as mean intra-individual CV).
Aging, Nitric Oxide, and Vasodilator Kinetics • Casey DP et al. young adults suggest that exercise hyperemia is reduced on the order of 10 -30% (19, 22, 42) . Indeed we observed a ϳ10 -15% reduction in steady state FBF and FVC in the young adults during heavier intensity forearm exercise (30% MVC) in the current study (Table 2) . However, the role of NO in the time course of exercise hyperemia (from rest to steady state) and onset of vasodilation in young adults has been studied to a much lesser extent, with previous studies reporting somewhat conflicting results. We have previously demonstrated that NOS inhibition can significantly blunt the immediate hyperemic and vasodilator response following a single forearm contraction (6) . Moreover, when NOS inhibition is performed along with inhibition of K ϩ -mediated vascular hyperpolarization and prostaglandin synthesis the rapid vasodilator response to a single muscle contraction is nearly abolished (11) . Taken together these results suggest that NO contributes to the increase in blood flow as early as the first contraction during exercise. However, initial studies related to the time course of hyperemia and vasodilation in humans during repeated contractions indicated that NO was not obligatory to the onset of the hyperemic response during mild-intensity (ϳ10% MVC) forearm exercise (43) . It should be noted that the NOS inhibition trials (in the previous report) were made in conjunction with muscarinic receptor blockade (atropine). Therefore, it is unclear whether the blood flow responses to exercise during NOS inhibition were affected by previous administration of atropine. In this context we previously found that the onset and timing of vasodilation during rhythmic moderate-intensity forearm exercise is reduced during single inhibition trials of NOS in young males (5) . More recent evidence has also highlighted the importance of NO, as well as prostaglandins, for the regulation of blood flow at the onset and over the first 2 min of dynamic leg exercise (9) . The results obtained from the modeled data sets used to quantify and characterize the hyperemic and vasodilator kinetics in the current study clearly suggest a role for NO in the timing of the exercise response across a range of contraction intensities and are in agreement with the aforementioned studies despite different analytical approaches (5, 9) .
The impaired (relative to young adults) and lack of change in the on-kinetic parameters with NOS inhibition observed in the older adults of the current study (Fig. 1) likely suggest a reduced role of NO in the onset of hyperemia and vasodilation, which might be due to less bioavailable NO in older adults. Although the exact mechanism for a reduced NO bioavailability with aging is unknown, an enhanced scavenging of NO via reactive oxygen species could possibly contribute to some extent. Along these lines, acute administration of antioxidants improves endothelium-dependent vasodilation under resting conditions in older adults (44, 51) . Moreover and of particular interest to the current findings, intra-arterial infusions of ascorbic acid can increase muscle blood flow during dynamic forearm exercise in older adults (28) , which is mediated primarily via an increase in the bioavailability of NO derived from the NOS pathway (12) . However, the effect of ascorbic acid on muscle blood flow in the aforementioned studies was examined only after steady-state exercise was achieved. Therefore, it is unclear if and to what extent scavenging of NO via reactive oxygen species contributes to the age-related changes in hyperemic and vasodilator kinetics. To this point, administration of ascorbic acid failed to improve the rapid hyperemic and vasodilator response to single muscle contractions in older adults (28) , thus suggesting scavenging of NO via reactive oxygen species may not have a major role in the age-related impairments in vasodilation at the very onset of exercise. A more comprehensive series of studies is needed to determine if the slower vasodilator kinetics with aging, presumably via altered NO signaling, are due to oxidative stress-related mechanisms.
The prolonged and attenuated blood flow and vasodilator kinetics with aging may also be a result of greater sympathetic restraint of the vasculature in exercising muscles of the older adults. In young adults, sympathetic vasoconstrictor responses are blunted in the vascular beds of contracting limbs (i.e., functional sympatholysis) (50) , which has been reported to occur early in exercise (13, 49) . Conversely, functional sympatholysis during steady-state exercise has been shown to be diminished with aging (16, 27, 33) . The precise local factor(s) responsible and/or mechanism of functional sympatholysis are a topic of debate (39) . However, there is some evidence from experimental animals and humans that suggest a role of NO in the inhibition of sympathetic vasoconstriction in contracting skeletal muscle (8, 46, 47) . If NO indeed is a mediator of functional sympatholysis, then a reduced bioavailable NO in older adults may not only attenuate direct vasodilation within the contracting skeletal muscle, but also limit the ability to blunt sympathetic vasoconstriction.
Although the results from the L-NMMA trials in the present study suggest a reduction in bioavailable NO contributes to the impaired blood flow and vasodilator kinetics in older adults, other factors are likely involved in the reported age-related differences. Along these lines, the older adults also demonstrated a blunted vasodilator response to intra-arterial infusions of NTP. This would indicate that attenuated vascular smooth muscle responsiveness to NO may explain, at least to some extent, the age-related alterations in vasodilator kinetics during rhythmic forearm exercise.
Role of NO in the Blood Flow Responses Following Exercise
The current study also examined the impact of aging on recovery blood flow following exercise as well as the role of NO in the response. In general the magnitude and duration of postexercise muscle hyperemia are dependent on the type, intensity, and duration of the previous exercise. In young adults, blood flow during the recovery from exercise is markedly reduced during NOS inhibition (37, 43) . Our results are in agreement with these aforementioned studies, in that there was a reduction in the total postexercise FBF and FVC as well a faster 50% decay rate following moderate-intensity forearm exercise during the L-NMMA trials (Fig. 4) . When only comparing control conditions, older adults demonstrated a lower total postexercise FBF and FVC (Fig. 4, A and B) and faster rate of decay following moderate-intensity forearm contractions than their younger counterparts. This was likely due in part to the significantly higher steady-state FBF and FVC values during exercise in the young adults. Interestingly, the effect of NOS inhibition in reducing the total postexercise FBF and FVC was similar between young and older adults following moderate-intensity exercise. This was somewhat surprising to us since 1) our current results and those previously reported in young adults (37, 43) suggest that NO contributes to the magnitude of postexercise blood flow and 2) human aging is associated with a reduction in NO bioavailability. In this context we thought NOS inhibition would have less of an impact on muscle blood flow during recovery in older adults. However, we remain puzzled by these findings.
Experimental Considerations
The experimental design employed in the current study used relative (%MVC) workloads to compare the hyperemic and vasodilator kinetics during forearm exercise between young and older adults. Although the MVC and thus relative workload used did not significantly differ between age groups (P ϭ 0.22-0.28), the young adults did demonstrate an ϳ20% greater MVC (41 Ϯ 5 vs 34 Ϯ 4 kg). Therefore, it could be argued that the altered kinetic profile observed in the older adults is due to a lower absolute workload. To address this potential confound, we compared the hyperemic and vasodilator kinetic responses in a subset of young and older participants (n ϭ 7 for each age group) to better match the groups for MVC and absolute workload across the three exercise trials. This approach effectively reduced the difference in MVC (35 Ϯ 5 vs 34 Ϯ 3 kg, P ϭ 0.94) between the young and older groups and thus made the mean absolute workloads (ϳ3.4, 6.9, and 10.4 kg) used at each exercise intensity (10%, 20% and 30%, respectively) nearly identical between age groups.
Results from the subset analysis indicate that when matched for absolute workload the amplitude of the hyperemic and vasodilator response was not different between age groups at any level of exercise (amplitudes of the FVC responses are shown in Fig. 5A ). These results would indicate that the magnitude of change in FBF and FVC for a given absolute workload is not impaired with aging and are in agreement with previous studies that have demonstrated similar hyperemic and vasodilator responses during steady-state forearm exercise in young and older adults when performed at identical workloads (17, 30) . In addition to a lack of age-related differences in the amplitude parameter, the subanalysis also revealed that there was no effect of L-NMMA in either age group when compared within similar absolute workloads. Previous findings (as well as the data related to relative exercise intensity presented in this study) have demonstrated that NOS inhibition can result in modest reductions in steady-state FBF and FVC in young adults (19, 22, 42) but this effect is minimal in older adults (12, 41, 48) , thus suggesting that NO-mediated vasodilation is impaired during rhythmic handgrip exercise with aging. Although the reason for the disparity between the results from the subset of subjects in the current study and those previously reported are not completely clear it may be due to the small number of subjects included in the subanalysis and thus of insufficient power to detect such differences. In contrast to the amplitude data, the timing (tau) of the hyperemic and vasodilator response was still slower in older adults after matching subjects for absolute workload (FVC is shown in Fig. 5B ). Taken together with the results derived from the relative workloads comparisons, our data suggest that aging slows (i.e., prolongs the tau parameter during on-transient kinetics) the hyperemic and vasodilator response to forearm exercise despite the magnitude of the response being similar between age groups.
In the present study, continuous blood velocity and steadystate brachial artery diameter measurements were used to calculate the FBF and FVC for each duty cycle during each exercise trial. This approach could have resulted in an overestimation of the FBF and FVC values during the initial duty cycles. However, since the change in brachial artery diameter was similar between drug conditions and age groups within each exercise intensity (data not shown), it is likely that any overestimation would have been similar across trials and not influence the reported age and drug condition differences. Additionally our approach assumes that the onset of vasodilation at the measured conduit (i.e., brachial) artery level is similar to that in the microcirculation. Previous evidence suggests that the kinetics of flow at the capillary level is slower than those measured in the femoral artery during knee extension exercise (23) . However, these conclusions were based on direct measurements of femoral blood velocity, whereas capillary flow was estimated. Interestingly, the time course of rapid vasodilation within the microcirculation itself appears to be different (38) . Last, reductions in resting FBF and FVC due to L-NMMA were observed in both young and older adults. It is possible that the shift in baseline conditions could confound the calculated vasodilator kinetic profiles during exercise. However, the monoexponential model used to calculate Amp and during on-kinetics takes into account the starting (baseline) value. Moreover, we previously demonstrated that the onset of vasodilation (expressed as the slope of the exercise response between rest and steady-state exercise during dynamic forearm exercise) was blunted during concurrent administration of L-NMMA and aminophylline (adenosine receptor antagonist) compared with control (saline) conditions despite statistically similar resting FBF and FVC values (5) .
Conclusions
To our knowledge, this study is the first to quantify and characterize the influence of aging in the hyperemic and vasodilator kinetics during exercise. Our data suggest that the amplitude of the hyperemic and vasodilator responses were attenuated in older adults at the higher relative exercise intensity (30% MVC). However, these age-related differences no longer existed when comparing the amplitude at similar absolute workloads. Thus there do not appear to be age-related differences in the amplitude of the hyperemic or vasodilator response in the forearm when matched for workload. On the other hand, the speed of skeletal muscle blood flow and vasodilation during rhythmic forearm exercise at the same relative and absolute intensity are slower in otherwise healthy aging humans. Moreover these age-related differences in the kinetic profile (i.e., timing) appear to be due in part to a decreased NO bioavailability in older adults. Taken together with our previous data (6), aging is associated with impairments in the regulation of skeletal muscle blood flow during dynamic exercise starting with the initial contraction and continuing until steady-state levels are achieved.
